24 25 26 27 28 29 30 Highlights: 31 32  Major intrinsic proteins (MIPs) family in Phytophthora species are divergent. 33  Phytophthora MIPs (PMIPs) were phylogenetically and structurally distinct from their counterparts 34 in other taxonomic domains. 35  PMIPs might have novel functions. 36  The MIPs are suggested to be involved in host-pathogen interactions and could be considered 37 attractive anti-Phytophthora targets. 38 ABSTRACT 39 Major intrinsic proteins (MIPs), commonly known as aquaporins, transport water and other non-40 polar solutes across membranes. MIPs are believed to be involved in host-pathogen interactions. 41 Herein, we identified 17, 24, 27, 19, 19, and 22 full-length MIPs, respectively, in the genomes of 42 six Phytophthora species, P. infestans, P. parasitica, P. sojae, P. ramorum, P. capsici, and P.
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The super family of major intrinsic proteins (MIPs) possesses channel-forming integral 59 membrane proteins that transport water and other non-polar small solutes, such as ammonia, 60 urea, boron, silicon, carbon dioxide, glycerol, hydrogen peroxide, antimony, and arsenite 61 (Gomes et al., 2009; Ishibashi et al., 2009; Azad et al., 2012; Verkman, 2012; Maurel et al., 62 2015; Pommerrenig et al., 2015; Azad et al., 2016; Azad et al. 2018) . They are found in all 63 living organisms from bacteria to mammals and are abundant in plants (Gomes et al., 2009; 64 Azad et al., 2011; Maurel et al., 2015) . Orthodox aquaporins (AQPs), which transport only 65 water and aquaglyceroporins (AQGPs), that can transport other uncharged small solutes in 66 addition to water or without water, are prototype members of MIPs (Mukhopadhyay et al., 2014; 67 Maurel et al., 2015; Pommerrenig et al., 2015) . 68 All AQPs share some structural features, although their amino acid sequences differ 69 substantially. Each monomer of MIP is composed of six transmembrane (TM) α-helices (H1-70 H6) with five connecting loops (loops LA-LE) and cytoplasmic N-and C-termini. The pore of 71 the channel is characterized by two constrictions that theoretically specify the profile of 72 transport selectivity. The first constriction is formed at the center of the pore by two highly 73 conserved Asn-Pro-Ala (NPA) motifs on loops B and E because of the close opposition of their 74 asparagine residues (Wallace and Roberts, 2004) . This constriction is involved in proton 75 exclusion (Tajkhorshid et al., 2002) . The second constriction, called the aromatic/arginine (ar/R) 76 constriction or the selectivity filter, is formed toward the luminal side of the membrane by four 77 residues from helix 2 (H2), helix 5 (H5), and loop E (LE1 and LE2) (Fu et al., 2000; Sui et al., 78 2001 ). Mutation at this ar/R selectivity filter is thought to determine the broad spectrum of 79 substrate conductance in plant AQPs (Wallace and Roberts, 2004; Gupta and 80 Sankararamakrishnan, 2009; Azad et al., 2012; Azad et al., 2016) . Five relatively conserved 81 amino acid residues known as Froger's positions (FPs) and designed P1-P5 play roles in MIP 82 sub-grouping and substrate selectivity (Froger et al., 1998; Heymann and Engel, 2000; Azad et 83 al., 2016) . 84 Although 13 different MIPs identified in mammals are divided into three major subfamilies, 85 the genomes of plants encode 2-5-fold or more MIPs, which are grouped into 4-7 subfamilies 86 (Maurel et al., 2015; Azad et al., 2016; Potokar et al., 2016) . However, fungi genomes have up 87 to five MIPs with diversified subgroups (Pettersson et al., 2005; Verma et al., 2014) . Algae have 88 1-6 MIPs, but are highly divergent and share only limited similarities with land plant MIPs 89 (Anderberg et al., 2011) . In humans, MIPs play significant roles in brain-water balance, kidney 90 nephrons, cell migration, cell proliferation, neural activity, pain, epithelial fluid secretion, skin 91 hydration, adipocyte metabolism, and ocular function (Ishibashi et al., 2009; Verkman, 2012) . 92 They are associated with many human diseases, such as glaucoma, cancer, epilepsy, 93 nephrogenic diabetes insipidus, and obesity (Ishibashi et al., 2009; Verkman, 2012) , and 94 therefore, they have been potential drug targets (Soveral and Casini, 2017) . In plants, MIPs are 95 involved in many physiological processes, such as motor cell movement, root and leaf hydraulic 96 conductance, diurnal regulation of leaf movements, rapid internode elongation, responses to 97 numerous biotic and abiotic stresses, temperature-dependent petal movement, and petal 98 development (Azad et al., 2004; Peng et al., 2007; Azad et al., 2008; Uehlein and Kaldenhoff, 99 2008; Gomes et al., 2009; Gao et al., 2010; Muto et al., 2011; Azad et al., 2013; Maurel et al., numbers of their MIP homologues are comparable to that of plants. Comprehensive analysis 138 with different bioinformatics tools revealed that the MIPs in Phytophthora species are 139 phylogenetically and structurally distinct from their counterparts in other taxa. 2.1. Identification of PinMIP, PpaMIP, PsoMIP, PrMIP, PcaMIP, and PciMIP genes 144 The genomes of P. infestans T30-4, P. parasitica INRA-310, P. sojae strain P6497, P. ramorum 145 strain Pr102, P. capsici LT1534, and P. cinnamomi CBS 144.22 are available at FungiDB 146 (http://fungidb.org/fungidb/). In FungiDB, a search with the keyword 'aquaporin' revealed that 147 21, 26, 35, 32, 25 , and 32 aquaporin hits were available for each strain of P. infestans, P. 148 parasitica, P. sojae, P. ramorum, P. capsici, and P. cinnamomi, respectively. We retrieved the 149 protein sequences of these available AQPs for every organism and checked the typical features 150 of AQPs in their primary protein structures. All of the AQP protein sequences available in every 151 Phytophthora species were used as queries for MIPs in the genome of a particular Phytophthora structures. The 3D structure of each MIP was uploaded to the server, which generated its 225 specific pore characteristics; in particular, the conformation and the regularity of the channel 226 cavity, the corresponding pore lining residues and atoms, and the location of pore centers along 227 the channel. The pore diameter at the ar/R selectivity filter was determined from the PoreWalker 228 outputs as previously described (Azad et al., 2016) . The pore lining residues, which are essential 229 for channel formation, were identified using the PoreWalker server. demonstrating purifying selection. The score of the Cello prediction system showed that all 269 PMIPs might have been localized in the plasma membrane ( Supplementary Table S1 ). However, 270 WoLF PSORT scores suggested that some PMIPs have possibility to localize in other 271 intragranular membranes, such as the cytoskeleton, endoplasmic reticulum, vacuole, golgi, and 272 mitochondria. The intergroup sequence identity varied from 2 to 30% and similarity varied from 1 to 56%, 321 indicating that each group was divergent from the others. might be caused by another mechanism or they have the same transport profile. 375 The FPs, P1 from H3, P2 and P3 from LE, and P4 and P5 from H6 as described by Froger We further compared the PMIPs sequences for group-specific consensus sequences. In the TM 408 regions, the intergroup similarities among the PMIPs were very high. The group-specific 409 deviation was particularly observed in the loops and N-and C-termini (Table 7) . Most of the 410 homologues in MIPEs-MIPGs had longer N-termini compared to MIPAs-MIPCs 411 (Supplementary Figure S3 ). Interestingly, MIPDs had short N-and C-termini. It is more 412 intriguing that excluding only three PMIPs in group E (PinMIPE1;1, PcaMIPE1;1, and 413 PpaMIPE1;1), all PMIPs conserved a positively charged histidine residue in the C-terminus. 414 With this conserved H residue, all PMIPs conserved a group-specific motif ( (Table 7) . However, the sequence shown in LB shared both TM2 and LB. In all 419 PMIPs, the LE was longer, where two group-conserved sequences were observed. The first one 420 composed of eight residues included the P2 position. The second consisted of six residues and 421 was located downstream of the P3 position. We further identified group-specific consensus 422 sequences, with one in each of TM3 and TM5, and two in TM4. In the upstream region of TM3, 423 there was a YxxxQ motif in all PMIPs, in which xxx contained group-specific residues. In the 424 consensus sequence composed of eleven residues (Pxxxxxxxxx(M/S) in TM5, the interior 425 positions were blocked with group-wise preserved residues. Nevertheless, the first group-wise 426 conserved sequence located at the start of TM4 was composed of eight residues; and the second 427 one located before the end of the TM4 was composed of seven residues. (Table 7) , is a novel character not observed in other MIPs. Furthermore, despite MIPEs that are 474 enriched with negatively charged D and E residues, the C-termini in most PMIPs were enriched 475 with positively charged H, although its extent is group-specific ( Supplementary Figure 3) . 476 Therefore, the distinctive C-termini in PMIPs might be associated with protein sorting, protein- AtSIP2;1, and the latter is supposed to have non-aqua transport activity (Fetter et al., 2004) . 496 Comparison of PMIPs with MIPs in other taxonomic groups revealed that the group-497 specific motifs or consensus sequences in PMIPs shown in Table 7 several PMIPs were predicted to be non-aqua transporters ( Supplementary Table S3 ). Competing interests 581 The authors declare that they have no competing interests. phylogenetic tree was generated as described in Figure 2 . The residues in the ar/R selectivity 847 filter, NPA motifs, and the FPs were selected from the 3D models, as well as from the alignment 848 shown in Supplementary Figures S3. The pore diameter at the ar/R region, which is considered 849 one of the reasons for transport selectivity, was determined as described in the methods and 850 tabulated on the right side. The residues in the ar/R selectivity filter and FP are red and blue boxed, respectively. The region 882 of the TM helices and loops from which consensus sequences or motifs were depicted in Table 7 883 are green boxed. The pore-lining residues are indicated by arrows above the alignment and the 884 conserved residues are indicated by stars (*) at the bottom of the alignment. Supplementary Table S2 : Average pairwise sequence identity and similarity between different 889 PMIP groups. 
